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Description

FIELD OF THE INVENTION

[0001] This invention lies within the scope of photovoltaic (PV) technologies, more specifically, in relation to methods
and control systems to operate with photovoltaic irrigation systems (PVIS). The methods, control device and system
according to the present invention can be applied to agricultural and renewable energy fields.

[0002] The invention is directed to a method for commissioning a photovoltaic irrigation system, PVIS, providing the
Proportional-Integral-Derivative parameters that optimize the control of the system, therefore guaranteeing its stable
operation in any weather condition, especially when there are sudden changes in the power supplied. The invention is also
directed to a method for optimizing the operation frequency of a PVIS, to a control module for a PVIS, and to a PVIS.

BACKGROUND

[0003] Historically, traditional irrigation systems are supplied by a grid or diesel generator, in order that they can operate
in a same duty point, thereby providing constant water flow. On the other hand, conventional PVIS powered only by
photovoltaic generators suffer from an important limitation: they can only work during the hours in which there is sufficient
photovoltaic power available. In addition, PVIS typically pump a non-constant water flow, since their power depends on
solarirradiance and meteorological conditions such as temperature. More details about PVIS can be found in the following
reference: M. Alonso Abella et al. (2003). PV water pumping systems based on standard frequency converters. Progress
in Photovoltaics: Research and Applications, 11(3), 179-191.

[0004] In other words, in PVIS water is elevated by using a pump. The frequency of said pump, and consequently, the
water flow is variable and strongly depends on the instantaneous PV power available. Sudden drops in available power,
mainly due to shadows on the surface of the photovoltaic generator caused by passing clouds, are especially problematic
because they lead to problems that negatively affect both the reliability and lifetime of the PV system. Among these
drawbacks, itis worth mentioning water hammer, which can drastically reduce the lifetime of the hydraulic system, and also
the undervoltage and overvoltage in the output stage of a variable frequency drive (VFD), which can cause irreversible
damage to this component and to the electric motor of the pumps. To avoid these disadvantages, PVIS have a control
device, which often comprises a proportional-integral-derivative (PID) control, which is configured to adapt its consump-
tion to the power available in the photovoltaic generator.

[0005] The performance of the PID control device depends fundamentally on the accurate setting of the control
parameters, thatis to say, the values of the proportional gain (Kp), the integral gain (K;) and the derivative (K;) gain. Thisis a
complex problem, since PID control is intended to linear systems (which exhibit a linear relationship between control and
output variables of said PID system), while PVIS are intrinsically non-linear systems. For this reason, classic tuning
methods (in other words, procedures for obtaining the optimal values of the control parameters of the PID controller) do not
offer acceptable results when applied to PVIS.

[0006] To solve the problem of sudden drops in power available in PVIS that are not optimally tuned, the state-of-the-art
provides certain teachings in patent ES2607253 B2. This patent provides a method that mainly consists of disabling the
PID control and forcing a fast decrease in the VFD operating frequency. This action prevents the supply voltage falls below
aminimum level. Once the supply voltage reaches its normal operating value, PID control is enabled again. However, this
approach is complex and would be unnecessary if optimal tuning of the system control parameters is achieved, since this
would guarantee correct operation in the event of any incidence in the power supplied by the photovoltaic generator.
[0007] In view of the foregoing, there is a need in the state-of-the-art to optimize the control of PVIS systems, thereby
ensuring a stable operation irrespective of the weather conditions and without the requirement of using another control
system for voltage threshold detection and disable PID control, whose reliability is very dependent on the response time of
threshold detectors as well as the processor interruption system.

DESCRIPTION OF THE INVENTION

[0008] The presentinvention provides a solution for the aforementioned problems, particularly the absence of areliable
method that guarantees a correct tuning of the control parameters of a PVIS. This enables the stable operation of the PVIS
in any climatic condition without the need to use photovoltaic generator voltage threshold detection systems and
continuously disabling and enabling the PID control system.

[0009] In this way, the present invention provides a computer-implemented method for providing optimal Proportional-
Integral-Derivative, PID, parameters for a PVIS according to claim 1, a computer-implemented method for calculating an
optimal frequency signal for a variable frequency drive, VFD, of a PVIS according to claim 6; a control device for a PVIS
according to claim 11; and a photovoltaic irrigation system according to claim 15.

[0010] In a first inventive aspect, the invention provides a computer-implemented method for commissioning a
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photovoltaic irrigation system, PVIS, providing its optimal Proportional-Integral-Derivative, PID, parameters; the PID
parameters comprising a proportional gain Kp, anintegral gain K;, and a derivative gain K; wherein the method comprises
the following steps:
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a) receiving a voltage signal, Vp(t), from a voltage sensing element configured to measure the voltage of a
photovoltaic generator of the PVIS;

b) establishing a first voltage setpoint, Vgp;

c) setting K, to zero and initializing the other PID parameters as follows:

- setting Kp to zero;
- setting K to a predefined value, preferably greater than 1 s1;

d) initializing a total harmonic distortion, THD, parameter and a total square distortion, TSD, parameter as follows:

- setting THD to zero; and
- setting TSD to zero;

e) generating or receiving a sinusoidal signal, fg(t);

f)generating afirst frequency signal, f; (1), that represents the variable frequency at which a variable frequency drive,
VFD, of the PVIS operates:

feirst(© = fsin(© + Kp - (Vpe(6) — Vspr) + K - f(VDC (D) — Vgpy) - dt

g) calculating the THD of the first frequency signal as follows:

/ n .2
1=2""1
THD(%) = 100 - ~———r

Hy
wherein H; corresponds to the amplitude of the i-th harmonic of the first frequency signal and H, is the amplitude
corresponding to the fundamental frequency of the first frequency signal;
h) comparing the current value of THD with the previous value of THD;
- ifthe current value of THD is less than the previous value of THD, increasing the value of K, and repeating the
method from step e);

- if not, continue the method in step i);

i) generating or receiving a triangular signal, frg,(t);
j) generating a second frequency signal, f.(t), that represents the variable frequency at which the VFD operates:

fsec(D) = frri(© + Kp - (Vpc (D) — Vspy) + K- f(VDC(t) — Vgpy) - dt

k) calculating the TSD of the second frequency signal as follows:

n

TSD(%) = 100 - 2(

i=2

Hsi-1) _ H(zi—1)>2
HS]_ Hl

where Hg is the amplitude of the odd harmonics of a square signal and H is the amplitude of the harmonics of the
second frequency signal, being Hg4 and H; the amplitudes corresponding to the fundamental frequency of the square
signal and the second frequency signal, respectively;

[) comparing the current value of TSD with the previous value of TSD;
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- ifthe current value of TSD is less than the previous value of TSD, increasing the value of Kp and repeating the
method from step i);
- if not, continue the method in step m);

m) comparing the current values of K; and Kp with the previous values of K; and K;, respectively, so that

ors
i if the values are equal, providing the current values of Ky, Kj and K, as the optimal PID parameters;
ii. if not, repeating the method with a new iteration from step d) on.

[0011] Acomplete PVIS operation process comprises two different phases: 1) commissioning (start-up of the PVIS) and
2) regular operation. Start-up is ideally done only once at the beginning of the system’s useful life (or when there are
changes in any of its components) and comprises obtaining the optimal values of the control parameters K, Kp and K,
according to the method of the firstinventive aspect. Once these control parameters have been set by the claimed method,
the PVIS can begin the regular operation until an update of the system is required.

[0012] The method of the invention is executed by a PID controller of a PVIS, which has processing capabilities and
comprises a memory to save the value of the optimal PID parameters. The PID controller receives a voltage signal V(f)
from at least one voltage sensing element, the voltage signal corresponding to the voltage of a photovoltaic generatoras a
function of time. The PID controller is configured to generate disturbance signals (sinusoidal and triangular signals) or to
receive such signals from an external disturbance signal generator system. In the first case, the PID controller comprises a
disturbance signal generator or any other computational system able to generate the disturbance signals. In the second
case, the signals are applied from the external disturbance signal generator system to the feedforward input of the PID
controller.

[0013] In the state of the art, the use of the feedforward input in PID controllers is twofold. The first one is to achieve a
faster response to setpoint changes of a certain system controlled by said PID controller. The second use, which is less
frequent, is to compensate for disturbances that occur at the input of a process carried out in the system before the PID
controller acts to eliminate them.

[0014] Onthe contrary, inthe presentinvention, the feedforward inputis used in a completely new way. On one hand, the
feedforward input is not used to compensate for real disturbances obtained by means of sensor, but rather artificial
disturbances, which are specifically designed (sinusoidal and triangular signals), are added to such feedforward input.
Throughout this document, "artificial disturbances" will be understood as signals generated by a signal generator or other
computational system, not signals measured by real sensors.

[0015] On the other, the method of the first inventive aspect is not executed during normal operation of the PVIS, but
during the process of tuning the PID parameters, prior to the regular system operation. Therefore, artificial disturbances
are notused during the regular operation of the PVIS as in the state of the art, but during the start-up phase for obtaining the
optimal PID parameters.

[0016] The method of the invention is based on the analysis of the response of the PVIS supply voltage when
disturbance signals are generated or received, and applied to the feedforward input of the PID controller. At least two
disturbance signals are taken into account: a sinusoidal and a triangular signal. The method calculates the total harmonic
distortion (THD) of the response to the sinusoidal signal, as well as the total square distortion (TSD) of the response to the
triangular signal. The method is iterative, and it alternatively computes values of the THD and the TSD for different values
of Kjand K,,. Eventually, the method ends when minimum values for the two distortions are obtained. Particularly, the
definitive value of K; is the one that provides the minimum THD, while the final value of Kp corresponds to the one that
provides the minimum TSD.

[0017] Inthis way, the method of the first inventive aspect is an automatic tuning method that obtains the optimal values
of the PID control parameters by means of the generation of signals (sinusoidal and triangular) representing artificial
disturbances, the calculation of the total harmonic distortion (THD) and total square distortion (TSD) of the disturbed
voltage signal (voltage of the photovoltaic generator mixed with the artificial disturbances) and the modification of the
values of these PID parameters iteratively until the optimal values are obtained.

[0018] As mentioned before, the PID parameters comprise a proportional gain Kp, an integral gain K, and a derivative
gain K. In this method, the derivative gain is always set to zero. Cancelling such derivative gain is performed because
photovoltaic irrigation systems inherently generate a large amount of electromagnetic noise that is very difficult to
eliminate, especially when using VFDs. The derivative component is very sensitive to this type of noise so, if the derivative
gainis considered during PID parameter optimization, the risk of PVIS instability is increased, and the number of iterations
needed to achieve convergence is also considerably incremented.

[0019] Therefore, the PID controller is a Pl (Proportional-Integral) controller in the context of the invention. Throughout
the present specification, PID and Pl are used interchangeably.

[0020] More in detail, the method begins with the PID controller of the PVIS receiving a voltage signal, V() from a
voltage sensing element and establishing a first voltage setpoint.
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[0021] Preferably, the first voltage setpointis established from said voltage signal. In other embodiment, the first voltage
setpoint is established taken into account the temperature. In other embodiment, the voltage setpoint is also established
taken into account the level of solar irradiance.

[0022] In an embodiment, the first voltage setpoint Vgp, is considered as constant since its variation during the
commissioning phase (which takes about 30 minutes to be accomplished) can be considered as negligible.

[0023] In a preferred embodiment, the first voltage setpoint Vgp4 will be understood as the voltage of the photovoltaic
generator at which such photovoltaic generator achieves its maximum power value during the commissioning phase. In
other words, the photovoltaic generator provides its maximum power value, at the current irradiance and temperature
conditions, when its operating voltage is equal to the setpoint. For any other voltage value, it will always generate a lower
power.

[0024] Next, the PID controller initializes the proportional gain Kp and the integral gain K; of the PID parameters. In
particular, Kp is setto zero and K;is given a predefined value, preferably greater than 1 s-1, more preferably between 5 and
10 s°1; and more preferably 10 s-1. As mentioned before, the PID controller further sets the derivative gain Kyto zero. This
initialization ensures proper operation in stable weather conditions.

[0025] The PID controller continues calculating the frequency signal at which the VFD of the PVIS operates and sends
this frequency signal to the VFD, preferably through an analog or digital communication interface.

[0026] Throughoutthis document, the VFD will be understood as a type of power regulator that drives an electric motor,
in this case the motor of a pumping unit, by varying the frequency and voltage of its output. Throughout this document, a
pumping unit will be understood as an element of a PVIS configured to pour water, comprising the electric motor driven by
the VFD. The operating frequency of the pumping unit is the same as the operating frequency of the VFD so that the
pumping unit pours water at a rate defined by the operating frequency.

[0027] To calculate the frequency signal for the VFD, the control module generates or receives the feedforward input
signals (artificial disturbance signals). This feedforward input signal, as mentioned before, can be a sinusoidal signal fg
or a triangular signal 7, that are combined with the voltage signal V (1), the first voltage setpoint Vgp4, and the PID
parameters, thus obtaining the operating frequency of the VFD.

[0028] Firstly, the feedforward input signal is sinusoidal, resulting the frequency signal as follows:

frirst @) = fan(©) + Kp - Vpe(8) — Vspy) + K; - f(VDC(t) — Vspy) - dt

[0029] Throughout the whole document, the variable "(t)" in the formulas denotes the time.
[0030] The PID controller calculates the THD of this first frequency signal and perform a comparison:

- ifitis the first time the THD is calculated, it compares its value with 0.
- Ifitis not, it compares the current THD with the value obtained in the previous calculation.

[0031] Ifthe current value of the THD is less than the previous value, the process is repeated increasing the value of K;
and keeping the value of Kp constant.

[0032] When the current THD value is greater than the previous value, the PID controller generates or receives a
triangular signal as the feedforward input signal, resulting in a second frequency signal calculated as follows:

fsec®) = frri(®) + Kp - (Vpe(8) — Vspr) + K; - f(VDC(t) — Vspy) - dt

[0033] The PID controller calculates the TSD of the second frequency signal and perform a comparison:

- ifitis the first time the TSD is calculated, it compares its value with 0.
- Ifitis not, it compares the current TSD with the value obtained in the previous calculation.

[0034] Ifthe current value of the TSD is less than the previous value, the process is repeated increasing the value of Kp
and keeping the value of K; constant.

[0035] When the current TSD value is greater than the previous value, it sets Kp to its previous value and starts a new
iteration of the method.

[0036] Finally, the method ends when the value of Kp and the value of K; obtained in one iteration matches these values
when they were obtained in the previous iteration.

[0037] At this point, the PID parameters are saved in the PID controller and the commissioning phase is finished.
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[0038] In an embodiment, at least n=100 harmonics order are considered for computing the THD and/or the TSD.
[0039] In an embodiment, the increments of K; and K, are equal or greater than AK; = 1s1and AK, = 0.05. In an
embodiment, the increments of K; and Kp are, as much, AK; =2 s1and AKp =0.2. In other embodiment, AK; and AKp are
adjusted in a variable way.

[0040] The greater the increments are, the faster the algorithm converges, at the cost of losing precision in the
calculation of K; and K.

[0041] The execution of the method is continuously controlled in such a way that the voltage of the photovoltaic
generator is always between the maximum and minimum values allowed by the VFD, so that the VFD never stops.
Attention is drawn to the fact that when any of these maximum/minimum values is exceeded, an alarm is produced in the
VFD and the PVIS stops instantaneously, thereby causing an abrupt stop in the pumping unit. Advantageously, the method
of the invention prevents such abrupt stops in the pumping unit.

[0042] The method of the first inventive aspect, therefore, provides the following advantages with respect to the
conventional solutions:

- Thetuning of the PID parameters procedure (commissioning phase) is completely automatic, so that the intervention
of qualified personnel is not required for its execution.

- ThePVIS always works in a stable zone throughout the process, contrary to classical tuning methods (including open-
loop and closed-loop methods), which force the system to operate at the limit of the stable zone, thus compromising its
lifetime.

[0043] Although this method for automatically providing the optimal values of the PID parameters has been explained for
the particular case of a photovoltaic irrigation system, it can be applied in other non-linear systems wherein there are no
global optimal control values. In a non-linear system, different optimal control parameters can be assigned to each of the
regions of the system that are linearized.

[0044] Inanembodiment, the sinusoidal and/or the triangular signals, fg;,(f) and frg/(t), has/have an amplitude equal to
the maximum output frequency value of the VFD (5) and a period greater than or equal to 5 seconds.

[0045] Inanembodiment, the square signal can have any frequency and amplitude as the ratio of any harmonic of any
square signal to its fundamental frequency is constant.

[0046] In an embodiment, the method is executed in stable irradiance conditions.

[0047] Throughoutthis document, a period of time with stable irradiance conditions will be understood as a period of time
in which the variation of irradiance is less than 5% of its initial value.

[0048] In an embodiment, the first voltage setpoint Vgp4 is established in step b) to a voltage corresponding to the
voltage of the photovoltaic generator at which the photovoltaic generator provides its maximum power.

[0049] In an embodiment, establishing the first voltage setpoint Vgp4 in step b) is performed using a maximum power
point tracking algorithm.

[0050] In this embodiment, the first voltage setpoint Vp, is established to the voltage of the photovoltaic generator at
which the photovoltaic generator provides its maximum power using a type of maximum power point tracking algorithm.
[0051] Anexample of maximum power point tracking algorithm for establishing the first voltage setpoint Vgp, is known
as "perturb and observe", in which the photovoltaic generator voltage is increased/decreased periodically in a small
amount and the power is measured. If the power increases, the voltage continues to increase/decrease in the same
direction until the power no longer increases.

[0052] The smaller the increment/decrement is, the more accurate is the value obtained for the first voltage setpoint
Vspy, at the cost of a longer computational time.

[0053] In a more specific example, the increment/decrement is constant and it is inside the range of 2 - 5 volts. In an
alternative specific example, the increment/decrement is variable and it reaches a maximum value of 20 volts.

[0054] Examples of other maximum power point tracking algorithms are Incremental Conductance, Current Sweep,
Constant Voltage or Temperature Method.

[0055] In an embodiment, the photovoltaic generator comprises a plurality of strings of photovoltaic modules, each
photovoltaic module comprising a plurality of cells and having a point of maximum power.

[0056] In this embodiment, establishing the first voltage setpoint Vgp in step b) takes into account the measures of a
temperature sensing element, which is configured to measure the temperature of the photovoltaic generator, as follows:

dVoc

Vep, = N - (V. +n-(T,—T, —_—
SP1 (Vinax + 1 (c ref) aT

wherein
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- Nis the number of photovoltaic modules in series of each string of the photovoltaic generator;

- nis the number of cells in series in each of the photovoltaic modules;

- Viaxis the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and 1000
Wim2;

- dV,/dT is the voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules; and

- T.is the temperature of the photovoltaic generator in °C, measured by the temperature sensing element, and

- T,tis atemperature reference of 25°C.

[0057] Inthis embodiment, the first voltage setpointis established as a function of the characteristics of the photovoltaic
generator and its temperature.

[0058] The method canbe executed indifferent conditions oftemperature. Due to the non-linear nature of PVIS, different
optimal values of the PID parameters may be obtained in each of them. In this way, the method of the invention
advantageously provides a really efficient adaptive control, as the PID controller modifies the value of PID gains and
the first voltage setpoint depending on the weather conditions, particularly the temperature, at each moment.

[0059] In an embodiment, the parameters V,, ., and/or dV,/dT are provided by the photovoltaic modules manufac-
turers. In an embodiment, the parameters N and/or n are known from the photovoltaic generator specifications.
[0060] In an embodiment, the temperature T is considered as constant since its variation during the commissioning
phase (which takes about 30 minutes to be accomplished) can be considered as negligible.

[0061] Inanembodiment, establishing the first voltage setpoint Vgp4 in step b) further takes into account the measures
of an irradiance sensing element, which is configured to measure the level of solar irradiance that affects the photovoltaic
generator, as follows:

G >.k-(TC+273)

dv,
Vspr = N+ |[Vinax + 10 (TC - Tref) L + In <1000 q

dT

wherein:

- Gisthelevel of solarirradiance that affects the photovoltaic generator (1) measured by the irradiance sensing element
(4.3);

- kis the Boltzmann constant 1.380649-1023 J-K-'. and

- qis the magnitude of the electron charge 1.6 - 10-1° C.

[0062] Inthis embodiment, the first voltage setpointis established as a function of the characteristics of the photovoltaic
generator, its temperature, and the level of solar irradiance that affects the photovoltaic generator.

[0063] The method can be executed in different conditions of irradiance. Due to the non-linear nature of PVIS, different
optimal values of the PID parameters may be obtained in each of them. In this way, the method of the invention
advantageously provides a really efficient adaptive control, as the PID controller modifies the value of PID gains and
the first voltage setpoint depending on the weather conditions, particularly the solar irradiance, at each moment.
[0064] In an embodiment, the level of solar irradiance is considered as constant since its variation during the
commissioning phase (which takes about 30 minutes to be accomplished) can be considered as negligible.

[0065] Inasecond inventive aspect, the invention provides a computer-implemented method for calculating an optimal
frequency signal for a variable frequency drive, VFD, of a photovoltaic irrigation system, PVIS, the method comprising:

1) providing the optimal Proportional-Integral-Derivative, PID, parameters for a the PVIS, by executing any of the
embodiments of the method of the first inventive aspect;

2) receiving a voltage signal, Vp(f), from a voltage sensing element configured to measure the voltage of a
photovoltaic generator of the PVIS;

3) establishing a second voltage setpoint, Vgp,;

4) calculating the optimal frequency signal, f,,(t):

fopt (®) = Kp - Vpc(8) = Vsp) + K; - f(VDC(t) — Vspy) - dt

wherein:
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- Kp and K; are the optimal PID parameters obtained in step 1).

[0066] As mentioned before, a complete PVIS operation process comprises two different phases: 1) commissioning
(start-up of the PVIS) and 2) regular operation. The start-up of the PVIS comprises obtaining the optimal values of the
control parameters K, Kp and K, according to the method of the firstinventive aspect. Once these control parameters have
been set by the claimed method, the PVIS can begin the regular operation until an update of the system is required.
[0067] The method of the second inventive aspect is focused on the regular operation phase. During such regular
operation, the feedforward input is zero and the operating frequency for the VFD, and therefore, of the pumping unit, is
equal to the output of the PID controller. The objective of the control is to maximize the available photovoltaic power, i.e. to
apply the highest possible frequency to the pumping unit. This value is critical, because the power consumed by the
pumping unit is related to the cube of its operating frequency, so even a slight increase in frequency above its maximum
value would require an increase in power that the photovoltaic generator would not be able to provide. When a photovoltaic
generator is required to provide more power than it can supply, its response is to reduce its voltage very quickly. This could
cause an undervoltage alarm in the VFD, and a sudden stop of the water pumping. Advantageously, the claimed method
avoids sudden pumping interruptions.

[0068] In the method of the second inventive aspect, the PID controller firstly commissions the PIVS by obtaining the
optimal PID parameters using the iterative method of the first inventive aspect (according to any of its embodiments) to
ensure thatthe PIVS always operates at a stable working point. Throughout the whole document, a stable working point for
the PVIS will be understood as a configuration of said PVIS wherein the voltage of the photovoltaic generator always has a
value larger than a minimum voltage allowed by the VFD, as well as said voltage of the photovoltaic generator is always
lower than a maximum voltage admitted by the VFD.

[0069] Next, the PID controller receives again the voltage signal, Vp(t), from a voltage sensing element configured to
measure the voltage of the photovoltaic generator of the PVIS and establishes a second voltage setpoint Vgp, .
[0070] Preferably, the second voltage setpoint Vgp, is stablished from said voltage signal. In other embodiment, the
second voltage setpoint Vgp, is established taken into account the temperature. In other embodiment, the second voltage
setpoint Vgp, is also established taken into account the level of solar irradiance.

[0071] In an embodiment, the second voltage setpoint Vgp, is updated periodically.

[0072] Inapreferred embodiment, the second voltage setpoint Vgp, will be understood as the voltage of the photovoltaic
generator at which such photovoltaic generator achieves its maximum power value during the regular operation phase. In
other words, the photovoltaic generator provides its maximum power value, at the current irradiance and temperature
conditions, when its operating voltage is equal to the setpoint. For any other voltage value, it will always generate a lower
power.

[0073] Finally, the PID controller provides the optimal frequency at which the VFD and the pumping unit operate; that is,
the optimal frequency operation of the PVIS.

fopt (®) = Kp - Vpc(8) = Vsp) + K; - f(VDC(t) — Vspy) - dt

[0074] Along the time, the PID controller reduces the operating frequency of the VFD when the voltage of the
photovoltaic generator is lower than the second voltage setpoint and increase the operating frequency of the VFD when
the voltage of the photovoltaic generator is higher than the second voltage setpoint. Any variation in the value of some
physical magnitudes of the system (hydraulic pressure, hydraulic head, temperature, irradiance, etc.) initially cause a
change in the photovoltaic generator voltage that the PID controller compensates. Such compensation is performed by
modifying the value of the frequency sent to the VFD, so that this voltage is always kept near the second voltage setpoint.
[0075] In an embodiment, a voltage "near" the second voltage setpoint should be understood as a voltage value in a
margin of =5 % the value of said second voltage setpoint.

[0076] Inanembodiment, the values of the previous expressions are updated in a period of time between 2.5 ms and 10
ms.

[0077] Inanembodiment, the second voltage setpoint Vg, is established to a voltage corresponding to the voltage of
the photovoltaic generator at which the photovoltaic generator provides its maximum power value.

[0078] In an embodiment, establishing the second voltage setpoint Vgp, in step 3) of the method is performed using a
maximum power point tracking algorithm.

[0079] Inthisembodiment, the second voltage setpoint Vsp, is established to the voltage of the photovoltaic generator at
which the photovoltaic generator provides its maximum power using a type of maximum power point tracking algorithm.
[0080] An example of maximum power point tracking algorithm for establishing the second voltage setpoint Vgp, is
known as "perturb and observe", in which the photovoltaic generator voltage is increased/decreased periodically in a small
amount and the power is measured. If the power increases, the voltage continues to increase/decrease in the same
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direction until the power no longer increases.

[0081] The smallerthe increment/decrementis, the more accurate is the value obtained for the second voltage setpoint
Vspp, at the cost of a longer computational time.

[0082] In a more specific example, the increment/decrement is constant and it is inside the range of 2 - 5 volts. In an
alternative specific example, the increment/decrement is variable and it reaches a maximum value of 20 volts.

[0083] Examples of other maximum power point tracking algorithms are Incremental Conductance, Current Sweep,
Constant Voltage or Temperature Method.

[0084] Inamore particular embodiment, the second voltage setpoint is updated periodically by repeating the maximum
power point tracking algorithm.

[0085] In an embodiment, the photovoltaic generator comprises a plurality of strings of photovoltaic modules, each
photovoltaic module comprising a plurality of cells and having a point of maximum power.

[0086] Inthisembodiment, establishing the second voltage setpoint Vg, in step 3) takes into account the measures of a
temperature sensing element, which is configured to measure the temperature of the photovoltaic generator, as follows:

dVoc
Vspr =N Uz + 1 (Te = Trey) -0

wherein

- Nis the number of photovoltaic modules in series of each string of the photovoltaic generator;

- nis the number of cells in series in each of the photovoltaic modules;

- Vhaxis the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and 1000
W/m2;

- dV,/dT is the voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules;

- T.is the temperature of the photovoltaic generator in °C, measured by the temperature sensing element; and

- T,tis atemperature of reference of 25°C.

[0087] In this embodiment, the second voltage setpoint is established as a function of the characteristics of the

photovoltaic generator and its temperature.

[0088] The method of this embodiment allows carrying out the regular operation phase in different conditions of

temperature optimally. As mentioned before, due to the non-linear nature of PVIS, different optimal values of the PID

parameters may be obtained for different temperatures and, in the same way, variations in the second voltage setpoint due

to differences in temperature may be taken into account. In this way, the method of the invention advantageously provides

a really efficient adaptive control, as the PID controller modifies the value of PID gains and the second voltage setpoint

depending on the weather conditions, particularly the temperature, at each moment.

[0089] In an embodiment, the parameters V,, ., and/or dV,/dT are provided by the photovoltaic modules manufac-

turers. In an embodiment, the parameters N and/or n are known from the photovoltaic generator specifications.

[0090] In a more particular embodiment, the second voltage setpoint is updated periodically using the formula above.

[0091] In an embodiment, establishing the second voltage setpoint Vgp, in step 3) further takes into account the

measures of an irradiance sensing element, which is configured to measure the level of solar irradiance that affects the

photovoltaic generator, as follows:

Vsp2 = N+ |[Vipax + 10 (TC - Tref) :

Vo | ( G ) k- (Tg + 273)
at  “\1000 q

wherein:

- Gisthe level of solar irradiance that affects the photovoltaic generator measured by the irradiance sensing element;
- kis the Boltzmann constant 1.380649-1023 J-K-1. and
- qis the magnitude of the electron charge 1.6 - 10-19 C.

[0092] In this embodiment, the second voltage setpoint is established as a function of the characteristics of the
photovoltaic generator, its temperature, and the level of solar irradiance that affects the photovoltaic generator.

[0093] The method of this embodiment allows carrying out the regular operation phase in different conditions of
irradiance and temperature optimally. As mentioned before, due to the non-linear nature of PVIS, different optimal values
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ofthe PID parameters may be obtained for different levels of solarirradiance and, in the same way, variations in the second
voltage setpoint due to differences in the temperature and the level of solar irradiance may be taken into account. In this
way, the method of the invention advantageously provides a really efficient adaptive control, as the PID controller modifies
the value of PID gains and the second voltage setpoint depending on the weather conditions, particularly the irradiance
and the temperature, at each moment.

[0094] In a more particular embodiment, the second voltage setpoint is updated periodically using the formula above.
[0095] In a third inventive aspect, the invention provides a control device for a photovoltaic irrigation system, PVIS,
comprising:

- atleast one photovoltaic generator configured to generate a direct current electric power signal;

- atleast one variable frequency drive, VFD, being connectable to a pumping unit;

- atleastone voltage sensing element configured to measure the voltage of the at least one photovoltaic generator; and
- acontrol module;

wherein

¢ the at least one photovoltaic generator is further configured to send the direct current electric power signal to the at
least one VFD;

* the control module is configured to calculate an optimal frequency signal executing any of the embodiments of the
method of the second inventive aspect; wherein the step 2) of the method is performed by receiving a voltage signal,
Vpc(t), from the at least one voltage sensing element; and

e the at least one VFD is configured to

o receive the optimal frequency signal from the control module;

o transform the direct current electric power signal into an alternating current with variable frequency according to
the optimal frequency signal received; and

o send the alternating current to the pumping unit.

[0096] The control device of the third inventive aspect comprises at least one photovoltaic generator; at least one VFD
powered by the at least one photovoltaic generator and being connectable to a water pump that pours water; at least one
voltage sensing element to measure the voltage of the photovoltaic generator and a control module, i.e. a PID controller.
[0097] The control module is configured to execute the method of the second inventive aspect (any of the embodiments
thereof) allowing the PIVS to operate at the second voltage setpoint, which preferably corresponds to the voltage at which
the photovoltaic generator achieves its maximum power value. The control module is configured to receive the output
voltage of the photovoltaic generator measured by the voltage sensing element and to execute the PID control by reducing
the operating frequency of the VFD when the voltage of the photovoltaic generator is lower than the second voltage
setpoint or by increasing the operating frequency of the VFD when the voltage is higher than the second voltage setpoint.
This operating frequency of the VFD, besides, corresponds to the operating frequency of the motor of the pumping unit that
pours the water.

[0098] The control device of the third inventive aspect, advantageously, has the ability to reduce the frequency of the
VFD with the same speed with which there is a sudden drop in the power supplied by the photovoltaic generator, as for
example when the shadow of a cloud covers part or all of its surface (a typical example is a fall of 800 W/m2 in three
seconds, which represents approximately a drop of 70% of the maximum operation power in those three seconds).
[0099] Ifthe control device did not have this ability, the voltage of the photovoltaic generator would drop below the lower
limit allowed by the VFD, causing an alarm signal and an abrupt stop of the pump. This sudden stop can have very negative
consequences on both the hydraulic and electrical systems and can dramatically reduce the lifetime of the PVIS.
[0100] This ability of the control device depends on the correct setting of the PID parameters, which is properly
performed by said control device thanks to the execution of step 1) of the method of the second inventive aspect. Such step
corresponds to the commissioning phase of the PVIS.

[0101] Regarding the voltage sensing element, it preferably provides a voltage signal in accordance with industry
standards, with a range of 0-10 V or 4-20 mA. A typical voltage sensing element measures a voltage on the photovoltaic
generator between 0 and 1000 V and provides a 0 V output fora 0 V input and a 10 V output for a 1000 V input, with linear
relationship between the two measurements.

[0102] In an embodiment, the control module comprises:

- aprogrammable logic controller, PLC; or

- aPLC and a disturbance signal generator; or
- aPLC and a programmable digital system; or
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- aPLC, adisturbance signal generator and a programmable digital system.

[0103] Inanembodiment, the control module comprisesaPLC. Inthisembodiment, the PLC executes the whole method
of the second inventive aspect.

[0104] Forproperly executing the method, the PLC requires receiving the disturbance signals (sinusoidal and triangular)
from an external disturbance signal generator system or any other computational system, being such signals applied to the
feedforward input of the PLC.

[0105] In an embodiment, the control module comprises the PLC and a disturbance signal generator. In this embodi-
ment, the disturbance signal generator module provides the disturbance signals (sinusoidal and triangular) to the PLC,
being such signals applied to the feedforward input of the PLC.

[0106] Inan embodiment, the control module comprises a PLC and a programmable digital system configured to carry
out the step 1) of the method of the second inventive aspect. In this embodiment, the PLC does not execute the whole
method of the second inventive aspect. On the contrary, the programmable digital system is the one that executes step 1)
of the method of the second inventive aspect; that is, this system is in charge of the method for tuning the PID parameters
automatically (commissioning phase).

[0107] This programmable digital system, preferably, is an independent computer connected to the PLC by through a
communications interface, which can be analog or digital. Alternatively, it can be physically implemented in the PLC itself.
[0108] The programmable digital system may be further configured to generate the disturbance signals and to apply
such disturbance signals to the feedforward input of the PLC. Alternatively, the disturbance signals needed for the PLC are
generated by an external disturbance signal generator system (or any other computational system).

[0109] Inanembodiment, the control module comprises the PLC, a disturbance signal generator and a programmable
digital system configured to carry out the step 1) of the method of the second inventive aspect.

[0110] This embodiment is similar than the previous one with the exception that the control device further comprises a
disturbance signal generator, which is in charge of providing the disturbance signals (sinusoidal and triangular) to the PLC,
being such signals applied to the feedforward input of the PLC.

[0111] In an embodiment, the control device further comprises at least one temperature sensing element configured to
measure the temperature of the photovoltaic generator; wherein the control module is further configured to

- receive the temperature of the photovoltaic generator from the at least one temperature sensing element; and
- executestep 1) ofthe method of the second inventive aspect by establishing the first voltage setpoint, V¢p,, taking into
account the temperature of the photovoltaic generator; and/or

execute step 3) of the method of the second inventive aspect by establishing the second voltage setpoint, Vgp,, taking into
account the temperature of the photovoltaic generator.

[0112] Inthis embodiment, the first voltage setpoint, corresponding to the commissioning phase of the PVIS, and/or the
second voltage setpoint, corresponding to the regular operation phase of the PVIS, are calculated taken into account the
temperature measurements of the temperature sensing element. In an embodiment, the voltage setpoints are calculated
as follows:

dVoc
VspiVspz = N - (Vipgx + 1 (TC - Tref) 7)

[0113] Wherein T, is the temperature of the photovoltaic generator in °C, measured by the at least one temperature
sensing element. The rest of the parameters were properly defined above in the present specification.

[0114] Inthis way, the control device of this embodiment allows carrying out the commissioning phase and/or the regular
operation phase of the PVIS in different conditions of temperature optimally. As mentioned before, due to the non-linear
nature of PVIS, different optimal values of the PID parameters may be obtained for different temperatures and, in the same
way, variations in the voltage setpoints due to differences in temperature may be taken into account.

[0115] Advantageously, the control device allows the PIVS to operate at voltage setpoints corresponding to the voltage
at which the photovoltaic generator provides its maximum power, regardless the weather conditions.

[0116] In this embodiment, a typical temperature sensing element has a range of-20°C to 150°.

[0117] In an embodiment, the control device further comprises at least one irradiance sensing element configured to
measure the level of solar irradiance that affects the photovoltaic generator; wherein the control module is further
configured to

- receive the level of solar irradiance that affects the photovoltaic generator from the at least one irradiance sensing
element; and

11



10

15

20

25

30

35

40

45

50

55

EP 4 496 163 A1

- execute step 1) of the method of the second inventive aspect by establishing the first voltage setpoint, Vgp,, further
taking into account the level of solar irradiance that affects the photovoltaic generator; and/or

execute step 3) of the method of the second inventive aspect by establishing the second voltage setpoint, Vgp,, further
taking into account the level of solar irradiance that affects the photovoltaic generator.

[0118] Inthis embodiment, the first voltage setpoint, corresponding to the commissioning phase of the PVIS, and/or the
second voltage setpoint, corresponding to the regular operation phase of the PVIS, are calculated taken into account the
temperature measurements of the temperature sensing element and the irradiance measurements of the irradiance
sensing element. In an embodiment, the voltage setpoints are calculated as follows:

dv G \ k-(T¢+273)
Vsp1,Vspy = N+ [Vipax + 10 (Te = Tref) - d’l(ic +1n <1000> . q

[0119] Wherein T is the temperature of the photovoltaic generator in °C, measured by the at least one temperature
sensing element and G is the level of solar irradiance that affects the photovoltaic generator measured by the irradiance
sensing element. The rest of the parameters were properly defined above in the present specification.

[0120] Inthis way, the control device of this embodiment allows carrying out the commissioning phase and/or the regular
operation phase of the PIVS in different conditions of temperature and irradiance optimally. As mentioned before, due to
the non-linear nature of PVIS, different optimal values of the PID parameters may be obtained for different levels of
irradiance and temperature and, in the same way, variations in the voltage setpoints due to differences in the level of
irradiance and temperature may be taken into account.

[0121] Advantageously, the control device allows the PIVS to operate at voltage setpoints corresponding to the voltage
at which the photovoltaic generator provides its maximum power, regardless the weather conditions.

[0122] In this embodiment, a typical irradiance sensing element has a range of 0 to 1250W/m2,

[0123] In a fourth inventive aspect, the invention provides a photovoltaic irrigation system, PVIS, comprising:

- the control device according to any of the embodiments of the third inventive aspect; and
- apumping unit configured to receive an alternating current from the variable frequency drive of the control device and
to pour water at a rate defined by the alternating current.

[0124] Finally, the invention also provides a complete photovoltaic irrigation system comprising the control device of the
third inventive aspect that, in turn, executes the method of the second inventive aspect. The step 1) of this method
corresponds to the method of the first inventive aspect (commissioning of the PVIS).

[0125] The PVIS of this fourth inventive aspect further comprises a pumping unit that receives an optimal frequency of
operation so that such pumping unit pours water at a rate defined by the frequency of the alternating current.

[0126] An example of pumping unit is a centrifugal water pump driven by an electric motor.

[0127] All features described in this specification, including the claims, description and drawings, can be combined in
any way except for combinations of mutually exclusive features.

DESCRIPTION OF THE DRAWINGS

[0128] To complement this description and with the aim of helping a better understanding of the characteristics of the
invention, in accordance with specific embodiments, the following figures are attached as an integral part of said
description where, for illustrative purposes and not limiting, the following has been represented:

Figure 1 This figure shows a flowchart of a computer-implemented method for commissioning a PVIS accord-
ing to an embodiment of the invention. The flowchart depicts the steps needed to obtain the optimal

PID parameters for the PVIS.

Figure 2 This figure shows a flowchart of a computer-implemented method for calculating the optimal opera-
tion frequency of a VFD of the PVIS according to an embodiment of the present invention.

Figures 3a-3c  These figures show a control device of a PVIS according to several embodiments of the present in-
vention.

Figure 4 This figure shows a PVIS comprising the control device according to an embodiment of the invention
and a pumping unit.
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DETAILED DESCRIPTION OF THE INVENTION

[0129] Figure 1 shows a flowchart of a computer-implemented method (100) for commissioning a PVIS (10). The
flowchart depicts the steps needed to obtain the optimal PID parameters for the PVIS (10) commissioning. The PID
parameters comprises a proportional gain Kp, an integral gain K;, and a derivative gain K.

[0130] As it can be seen, the method (100) comprises the following steps:

a) receiving a voltage signal, Vp(t), from a voltage sensing element (4.1) configured to measure the voltage of a
photovoltaic generator (1) of the PVIS (10);

b) establishing a first voltage setpoint, Vgp4;

c) setting K, to zero and initializing the other PID parameters as follows:

- setting Kp to zero;
- setting K; to a predefined value, preferably greater than 1s71;

d) initializing a total harmonic distortion, THD, parameter and a total square distortion, TSD, parameter as follows:

- setting THD to zero; and
- setting TSD to zero;

e) generating or receiving a sinusoidal signal, fg\(f);

f) generating a first frequency signal, f; (f), that represents the variable frequency at which a variable frequency drive
(5), VFD, of the PVIS (10) operates:

frirst(©) = fan(©) + Kp - Vpc(®) = Vspe) + K; - f(VDC(t) — Vspy) - dt

g) calculating the THD of the first frequency signal as follows:

/ nofg.?
=271
THD(%) = 100 - ~———

H,
wherein H; corresponds to the amplitude of the i-th harmonic of the first frequency signal and H, is the amplitude
corresponding to the fundamental frequency of the first frequency signal;
h) comparing the current value of THD with the previous value of THD;
- ifthe current value of THD is less than the previous value of THD, increasing the value of K; and repeating the
method from step e);

- if not, continue the method in step i);

i) generating or receiving a triangular signal, frz/(f);
j) generating a second frequency signal, f,(f), that represents the variable frequency at which the VFD (5) operates:

fsec(£) = frri(t) + Kp - (Vpe(t) = Vepr) + K; - f(VDC(t) — Vopy) - dt

k) calculating the TSD of the second frequency signal as follows:

n

TSD(%) = 100 - 2(

i=2

Hsi—1) _ H(Zi—1)>2
HS]_ Hl

where Hg is the amplitude of the odd harmonics of a square signal and H is the amplitude of the harmonics of the
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second frequency signal, being Hg4 and H, the amplitudes corresponding to the fundamental frequency of the square
signal and the second frequency signal, respectively;
[) comparing the current value of TSD with the previous value of TSD;

- ifthe current value of TSD is less than the previous value of TSD, increasing the value of Kp and repeating the
method from step i);
- if not, continue the method in step m);

m) comparing the current values of K; and Kp with the previous values of K; and K,;, respectively, so that

o
i. if the values are equal, providing the current values of K;, K; and Kp as the optimal PID parameters;
ii. if not, repeating the method with a new iteration from step d) on.

[0131] Inanexample, n=100 harmonics are considered to compute THD and TSD. However, this value can be modified.
[0132] The idea underlying the PID parameters tuning method set out above is alternatively trying to lower the THD as
much as possible by corrections in K;gain, and then lowering the TSD by introducing Kp corrections. Advantageously, this
iterative tuning method allows obtaining the optimal values of the PID control parameters which ensure that the PVIS
always operates at a stable working point.

[0133] In an example, the method (100) is executed in stable irradiance conditions.

[0134] In an example, the sinusoidal and/or the triangular signals (fg,\(f), frr/(f)), has/have an amplitude equal to the
maximum output frequency value of the VFD (5) and a period greater than or equal to 5 seconds.

[0135] In an example, the first voltage setpoint Vgp, is established to a voltage corresponding to the voltage of the
photovoltaic generator (1) at which the photovoltaic generator (1) provides its maximum power value.

[0136] Inanexample, establishing the first voltage setpoint Vgp, in step b) is performed using a maximum power point
tracking algorithm.

[0137] Inanexample, the photovoltaic generator (1) comprises a plurality of strings of photovoltaic modules, and each
photovoltaic module comprises a plurality of cells and has a point of maximum power. In this example, establishing the first
voltage setpoint Vgp4 in step b) further takes into account the measures of a temperature sensing element (4.2), which is
configured to measure the temperature of the photovoltaic generator (1), as follows:

dVoc
Voo =N O+ 1 (T = o) )

wherein

- N is the number of photovoltaic modules in series of each string of the photovoltaic generator (1);

- nisthe number of cells in series in each of the photovoltaic modules;

- Vpaxis the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and 1000
W/m?2;

- dV,J/dT is the voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules;

- T.is the temperature of the photovoltaic generator in °C, measured by the temperature sensing element (4.2); and

- Tefis atemperature of reference of 25°C.

dVgc

[0138] TheparametersV,,, and T are provided by the manufacturer of the photovoltaic modules. The parameters

N and n depends on the photovoltaic generator (1) specifications. Particular values of these parameters are listed below:

Loe = .22 mv/eC
N=17,n=36, V, ., =163V, 4T :
[0139] Inanexample, establishing the first voltage setpoint Vg4 in step b) further takes into account the measures of an
irradiance sensing element (4.3), which is configured to measure the level of solar irradiance that affects the photovoltaic
generator (1), as follows:
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G >.k-(TC+273)

dv,
Vspr = N+ |[Vinax + 10 (TC - Tref) L + In <1000 q

dT

wherein:

- Gisthelevel of solarirradiance that affects the photovoltaic generator (1) measured by the irradiance sensing element
(4.3);

- kis the Boltzmann constant 1.380649-1023 J-K-1. and

- qis the magnitude of the electron charge 1.6 - 10-1° C.

Example of execution of the PID parameters tuning method

[0140] The following table shows the experimental results obtained by applying the method (100):

Iteration number 1 2 3 4 5
K; (s1) (at the end of the iteration) 22 22 23 23 23
K, (at the end of the iteration) 0 1.00 1.00 0.95 0.95

[0141] Accordingtothe previous table, the method (100) has needed five iterations to obtain the optimal values of K, and
K;, thereby ending when the gains results obtained in one iteration coincide with those of the previous one.

[0142] As it can be seen, the increments of K; and Kp have been: AK; = 1 s'! and AKP = 0.05. In other example, the
increment AK;is between 1 sTand 2s1. In other example, the increment AKP is between 0.05and 0.2. In other examples,
AK; and AKp are different, and they can be adjusted in a variable way.

[0143] Figure 2 shows a flowchart of a computer-implemented method (200) for calculating an optimal frequency signal
for a VFD (5) of a PVIS (10). As it can be seen, the method (200) comprises:

1) providing the optimal Proportional-Integral-Derivative, PID, parameters for a PVIS by executing the method (100) of
the first inventive aspect, for example the one shown in Figure 1;

2) receiving a voltage signal, Vps(t), from a voltage sensing element (4.1) configured to measure the voltage of a
photovoltaic generator (1) of the PVIS (10);

3) establishing a second voltage setpoint; and

4) calculating the optimal frequency signal, fopt(t):

fopt () = Kp - Vpc(t) — Vsp2) + K; - f(VDC(t) — Vepy) - dt

wherein:
- Kp and K; are the optimal PID parameters obtained in step 1).

[0144] In this method (200), the PID controller (3) firstly commissions the PIVS (10) by obtaining the optimal PID
parameters using the iterative method (100) of the first inventive aspect; for example the method shown in Figure 1, to
ensure that the PIVS (10) always operates at a stable working point.

[0145] The objective of the method (200) is to provide the optimal frequency at which the VFD (5) and the pumping unit
(6) operate; that is, the optimal frequency operation of the PVIS (10).

[0146] The method (200) allows that the PID controller (3) can reduce the operating frequency of the VFD (5) when the
voltage of the photovoltaic generator (1) is lower than the second voltage setpoint and increase the operating frequency of
the VFD (5) when the voltage of the photovoltaic generator (1) is higher than the second voltage setpoint.

[0147] Inan example, the second voltage setpoint Vg, is established to a voltage corresponding to the voltage of the
photovoltaic generator (1) at which the photovoltaic generator (1) provides its maximum power value.

[0148] In an example, establishing the second voltage setpoint Vgp, in step 3) is performed using a maximum power
point tracking algorithm.

[0149] In an example, the photovoltaic generator (1) comprises a plurality of strings of photovoltaic modules, each
photovoltaic module comprising a plurality of cells and having a point of maximum power. In this example, establishing the
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second voltage setpoint Vgp, in step 3) takes into account the measures of a temperature sensing element (4.2), which is
configured to measure the temperature of the photovoltaic generator (1), as follows:

dVoc
Vepa =N+ (Vpax + 1 (TC - Tref) 7)

wherein

- N is the number of photovoltaic modules in series of each string of the photovoltaic generator (1);

- nis the number of cells in series in each of the photovoltaic modules;

- Vaxis the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and 1000
W/m2;

- dV,/dT is the voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules;

- Tcisthe temperature of the photovoltaic generatorin °C (1), measured by the temperature sensing element (4.2); and

- Tefis atemperature of reference of 25°C.

[0150] Inanexample, establishing the second voltage setpoint Vgp, in step 3) further takes into account the measures of

an irradiance sensing element (4.3), which is configured to measure the level of solar irradiance that affects the

photovoltaic generator (1), as follows:

dVoc , | ( G ) k- (Te + 273)

Vsp2 = N+ |[Vipax + 10 (TC - Tref) : aT 1000 q

wherein:

- Gisthelevel of solarirradiance that affects the photovoltaic generator (1) measured by the irradiance sensing element
(4.3);

- ks the Boltzmann constant 1.380649-10-23 J-K-1; and

- qis the magnitude of the electron charge 1.6 - 10-19 C.

[0151] Figures 3a-3c illustrate a block diagram of the architecture of a control device (7) for a photovoltaic irrigation
system (PVIS) according to several embodiments of the invention.
[0152] Figure 3a shows a control device (7) for the PVIS (10), PVIS, comprising:

- one photovoltaic generator (1) configured to generate a direct current electric power signal;

- one variable frequency drive (5), VFD, being connectable to a pumping unit (6);

- one voltage sensing element (4.1) configured to measure the voltage of the photovoltaic generator (1); and
- acontrol module (3);

wherein

e the photovoltaic generator (1) is further configured to send the direct current electric power signal to the VFD (5);

* the control module (3) is configured to calculate an optimal frequency signal executing the method second inventive
aspect (as the one shown in Figure 2); wherein the step 2) of the method is performed by receiving a voltage signal,
Vpc(t), from the voltage sensing element (4.1); and

e the VFD (5) is configured to

o receive the optimal frequency signal from the control module (3);

o transform the direct current electric power signal into an alternating current with variable frequency according to
the optimal frequency signal received; and

o send the alternating current to the pumping unit (6).

[0153] Asitcanbe seen, the photovoltaic generator (1) sends the direct current electric power signal to the VFD (5). The

VFD (5), in turn, receives the optimal frequency signal from the control module (3); transforms the direct current electric
power signal into an alternating current with variable frequency according to the optimal frequency signal received; and
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sends the alternating current to the pumping unit (6).

[0154] The control device (3) allows the PVIS (10) to operate at a first voltage setpoint during the commissioning phase
of the PVIS and at a second voltage setpoint during the regular operation of the PVIS. Preferably, both setpoints
correspond to a voltage of the photovoltaic generator (1) at which said photovoltaic generator (1) provides its maximum
power. More preferably, the setpoints are established regardless of weather conditions.

[0155] In an example, the second voltage setpoint is periodically updated.

[0156] During the commissioning phase, the control device (3)is configured to receive the value of the output voltage of
the photovoltaic generator (1), which is measured by the voltage sensing element (4.1). Then, said control device (3):

- reducesthe operating frequency of the VFD (5) when the voltage of the photovoltaic generator (1) is lower than the first
voltage setpoint; or
- increases the operating frequency of the VFD (5) when the voltage is higher than the first voltage setpoint.

[0157] Inthe same way, during the regular operation phase, the control device (3)is configured to receive the value of the
output voltage of the photovoltaic generator (1), which is measured by the voltage sensing element (4.1). Then, said
control device (3):

- reduces the operating frequency of the VFD (5) when the voltage of the photovoltaic generator (1) is lower than the
second voltage setpoint; or
- increases the operating frequency of the VFD (5) when the voltage is higher than the second voltage setpoint.

[0158] InFigure 3a, besides, itis shown that the control device (7) further comprises temperature sensing element (4.2)
configured to measure the temperature of the photovoltaic generator (1). The control module (3) receives the temperature
of the photovoltaic generator (1) from the temperature sensing element (4.2) and such temperature is taken into account
during the execution of the method (200) of the second inventive aspect to establish the first voltage setpoint and/or the
second voltage setpoint. This temperature sensing element (4.2) are optional.

[0159] InFigure 3a, besides, itis depicted that the control device (7) further comprises irradiance sensing element (4.3)
configured to measure the level of solar irradiance that affects the photovoltaic generator (1). In this case, the control
module (3) receives the level of solar irradiance that affects the photovoltaic generator (1) from the irradiance sensing
element (4.3) and such irradiance is taken into account during the execution of the method (200) of the second inventive
aspect to establish the first voltage setpoint and/or the second voltage setpoint. This irradiance sensing element (4.3) are
optional.

[0160] Inanexample, the voltage sensing element (4.1) measures the voltage of the photovoltaic generator (1) between
0 and 1000 V, and to provide a 0V output for a OV input, and a 10V output for a 1000V input, with a linear relationship
between inputs and outputs.

[0161] Inanexample, the temperature sensing element (4.2) measures the temperature of the photovoltaic generator
(1)inarange of -20°C to 150°. The output range of these elements (4.2) is set to the range 0 to 10 V, in the same manner as
the voltage sensing elements (4.1) do.

[0162] Inanexample,theirradiance sensing elements (4.3) detectarange of incidentintensity from 0to 1250 W/mZ2. The
outputrange of these elements (4.2) is setto the range 0 to 10V, in the same manner as the voltage sensing elements (4.1)
do. Examples of irradiance sensing elements (4.3) are photovoltaic pyranometers and silicon-based sensors.

[0163] The control module (3), in the example of Figure 3a, requires receiving the artificial disturbance signals
(sinusoidal and triangular signals) from an external disturbance signal generation system or any other external computa-
tional system, such signals being applied to the feedforward input signal of the PLC (3.1).

[0164] Figure 3bshows the control device (7) of Figure 3a, but further comprising a disturbance signal generator module
(3.2).

[0165] In this example, the disturbance signal generator module (3.2) provides the artificial disturbance signals
(sinusoidal and triangular) to the PLC (3.1), being such signals applied to the feedforward input of the PLC (3.1).
[0166] Figure 3c shows the control device (7) of Figure 3a, but further comprising a programmable digital system (3.3)
configured to carry out the step 1) of the method (200) of the second inventive aspect, as the one shown in Figure 2.
[0167] Inthis embodiment, the PLC (3.1) does not execute the whole method (200) of the second inventive aspect, as
the one shown in Figure 2, but rather the programmable digital system (3.3) is configured to carry out the step 1) of the
same (200); that is, this system (3.3) is in charge of the method (100) for tuning the PID parameters automatically
(commissioning phase).

[0168] This programmable digital system (3.3), preferably, is an independent computer connected to the PLC (3.1)
through a communications interface (such as RS-232, GPIB, etc.), which can be analog or digital. Alternatively, it can be
physically implemented in the PLC (3.1) itself.

[0169] The programmable digital system (3.3) may be further configured to generate the disturbance signals and to
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apply such disturbance signals to the feedforward input of the PLC (3.1). Alternatively, the disturbance signals needed for
the PLC (3.1) are generated by an external disturbance signal generator system (or any other external computational
system) or by a disturbance signal generator module (3.2) comprised in the control module (3), which is not shown In
Figure 3c.

[0170] It should be noted that the pumping unit (6), in Figures 3a-c, does not form part of the control device (3).
[0171] Figure 4 shows a PVIS (10) comprising a control device (3) and a pumping unit (6). Such pumping unit (6), for
example, a centrifugal water pump, is driven by an electric motor and is in charge of pouring the water. The VFD (5)
comprises three-phase output connected to the at least one pumping unit (6).

Electrical specification of an example of PIVS

[0172] In a particular example, the PVIS comprises:

- Aphotovoltaic generator (1) with 352 V of open circuit voltage, 2.72 A of short circuit current and 680 W of maximum
power, all of these values measured under standard conditions.
- A control device (3) which comprises:

o a PLC (3.1) with ARM® Cortex® processor,

o an analog-to-digital converter with 16-bit resolution,

o a digital-to-analog converter with 12-bit resolution, and

o a USB communications interface, and

o a programmable digital system (3.3); in this case, a personal computer with Python software.

- A plurality of sensing elements comprising:

o a voltage sensing element (4.1) with an input range of 0-1000 V,

o an irradiance sensing element (4.2) with an input range of 0-1250 W/mZ2; and

o a temperature sensing element (4.3) with an input range of -20 to 150 °C. The output range of all these sensing
elements (4.1., 4.2, 4.3) is set to the range 0 to 10 V.

- AVFD (5) with 200-240 V three-phase alternating input voltage and 0.75 kW of maximum power.
- Apumpingunit(6) comprising a centrifugal pump driven by a three-phase asynchronous motor with nominal voltage of
200 V, nominal frequency of 50 Hz and nominal power of 275 W. The pumping unit (6) is connected to the VFD (5).

Claims

1. A computer-implemented method (100) for commissioning a photovoltaic irrigation system (10), PVIS, providing its
optimal Proportional-Integral-Derivative, PID, parameters; the PID parameters comprising a proportional gain Kp, an
integral gain K;, and a derivative gain K wherein the method comprises the following steps:

a) receiving a voltage signal, V5(t), from a voltage sensing element (4.1) configured to measure the voltage of a
photovoltaic generator (1) of the PVIS (10);

b) establishing a first voltage setpoint, Vgpq;

c) setting K, to zero and initializing the other PID parameters as follows:

- setting Kp to zero;
- setting K; to a predefined value, preferably greater than 1s1;

d)initializing a total harmonic distortion, THD, parameter and a total square distortion, TSD, parameter as follows:

- setting THD to zero; and
- setting TSD to zero;

e) generating or receiving a sinusoidal signal, fg;\(f);

f) generating a first frequency signal, f;,(t), that represents the variable frequency at which a variable frequency
drive (5), VFD, of the PVIS (10) operates:
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frirst(©) = fan(©) + Kp - Vpc(®) = Vspe) + K; - f(VDC(t) — Vspy) - dt

g) calculating the THD of the first frequency signal as follows:

, 2
71'1:2 H;

THD (%) = 100 -
H,

wherein H; corresponds to the amplitude of the i-th harmonic of the first frequency signal and H, is the amplitude

corresponding to the fundamental frequency of the first frequency signal;

h) comparing the current value of THD with the previous value of THD;

-ifthe currentvalue of THD is less than the previous value of THD, increasing the value of K; and repeating the
method from step e);
- if not, continue the method in step i);

i) generating or receiving a triangular signal, f7z/(f);

j) generating a second frequency signal, f.(f), that represents the variable frequency at which the VFD (5)
operates:

fsee(®) = frri(0) + Kp - Vpe(8) = Vepr) + K - f(VDC(t) — Vepq) - dt

k) calculating the TSD of the second frequency signal as follows:

n

Hsi—1) _ H(zt—1)>2

TSD(%) = 100 - 2(
(A)) = HS]_ Hl

where Hg is the amplitude of the odd harmonics of a square signal and H is the amplitude of the harmonics of the
second frequency signal, being Hgq and Hy the amplitudes corresponding to the fundamental frequency of the
square signal and the second frequency signal, respectively;

1) comparing the current value of TSD with the previous value of TSD;

-ifthe currentvalue of TSD is less than the previous value of TSD, increasing the value of Kp andrepeating the
method from step i);
- if not, continue the method in step m);

m) comparing the current values of K; and Kp with the previous values of K; and K;, respectively, so that

et
i. if the values are equal, providing the current values of K;, K; and Kp as the optimal PID parameters;
ii. if not, repeating the method with a new iteration from step d) on.

The method (100) according to claim 1, wherein the first voltage setpoint Vp, is established in step b) to a voltage
corresponding to the voltage of the photovoltaic generator (1) at which the photovoltaic generator (1) provides its
maximum power value.

The method (100) according to the previous claim, wherein establishing the first voltage setpoint Vgp4 in step b) is
performed using a maximum power point tracking algorithm.

The method (100) according to claim 2, wherein the photovoltaic generator (1) comprises a plurality of strings of

photovoltaic modules, each photovoltaic module comprising a plurality of cells and having a point of maximum power;
and
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wherein establishing the first voltage setpoint Vgp, in step b) takes into account the measures of a temperature
sensing element (4.2), which is configured to measure the temperature of the photovoltaic generator (1), as follows:

dVoc
Vopr =N Uz + 1 (Te = Trey) -0

wherein

- N is the number of photovoltaic modules in series of each string of the photovoltaic generator (1);

- n is the number of cells in series in each of the photovoltaic modules;

-V hax is the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and
1000 W/m?Z;

-dV,/dTisthe voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules;

- T, is the temperature of the photovoltaic generator in °C (1), measured by the temperature sensing element
(4.2); and

- T,f is @ temperature of reference of 25°C.

The method (100) according to the previous claim, wherein establishing the first voltage setpoint Vgp4 in step b) further
takes into account the measures of an irradiance sensing element (4.3), which is configured to measure the level of
solar irradiance that affects the photovoltaic generator (1), as follows:

dV,

Vep; = N |V, +n-|(Te —T .
SP1 max T 11 (C ref) aT

G >.k-(TC+273)

*1n <1ooo q

wherein:

- Gis the level of solar irradiance that affects the photovoltaic generator (1) measured by the irradiance sensing
element (4.3);

- k is the Boltzmann constant 1.380649-10-23 J-K-1. and

- q is the magnitude of the electron charge 1.6 - 10-1° C.

A computer-implemented method (200) for calculating an optimal frequency signal for a variable frequency drive (5),
VFD, of a photovoltaic irrigation system (10), PVIS, the method (200) comprising:

1) providing the optimal Proportional-Integral-Derivative, PID, parameters for a the PVIS, by executing the
method (100) of any of the previous claims;

2) receiving a voltage signal, V5(t), from a voltage sensing element (4.1) configured to measure the voltage of a
photovoltaic generator (1) of the PVIS (10);

3) establishing a second voltage setpoint, Vgp,; and

4) calculating the optimal frequency signal, f,,(t):

fopt (®) = Kp - Vpc(8) = Vsp) + K; - f(VDC(t) — Vspy) - dt

wherein:
- Kp and K; are the optimal PID parameters obtained in step 1).
The method (200) according to claim 6, wherein the second voltage setpoint Vgp, is established to a voltage
corresponding to the voltage of the photovoltaic generator (1) at which the photovoltaic generator (1) provides its

maximum power value.

The method (200) according to the previous claim, wherein establishing the second voltage setpoint Vgp, in step 3) is
performed using a maximum power point tracking algorithm.
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The method (200) according to claim 7, wherein the photovoltaic generator (1) comprises a plurality of strings of
photovoltaic modules, each photovoltaic module comprising a plurality of cells and having a point of maximum power;
and

wherein establishing the second voltage setpoint Vgp, in step 3) takes into account the measures of a temperature
sensing element (4.2), which is configured to measure the temperature of the photovoltaic generator (1), as follows:

dVoc
Vspr =N Uz + 1 (Te = Trey) -0

wherein

- N is the number of photovoltaic modules in series of each string of the photovoltaic generator (1);

- n is the number of cells in series in each of the photovoltaic modules;

-V hax is the voltage in the point of maximum power of one of the photovoltaic modules, in conditions of 25 °C and
1000 W/m?2;

-dV,/dTis the voltage variation with temperature in open circuit of one of the photovoltaic cells of the photovoltaic
modules;

- T, is the temperature of the photovoltaic generator in °C (1), measured by the temperature sensing element
(4.2); and

- T,ef is @ temperature of reference of 25°C.

The method (200) according to the previous claim, wherein establishing the second voltage setpoint Vgp, in step 3)
further takes into account the measures of an irradiance sensing element (4.3), which is configured to measure the
level of solar irradiance that affects the photovoltaic generator (1), as follows:

dv,
Vopy = N Vi + 11+ (T = Trep) - 25+ In

G ) k- (Tc + 273)
1000 q

wherein:

- Gis the level of solar irradiance that affects the photovoltaic generator (1) measured by the irradiance sensing
element (4.3);

- k is the Boltzmann constant 1.380649-10-23 J-K-1. and

- q is the magnitude of the electron charge 1.6 - 10-19 C.

A control device (7) for a photovoltaic irrigation system (10), PVIS, comprising:

- at least one photovoltaic generator (1) configured to generate a direct current electric power signal;

- at least one variable frequency drive (5), VFD, being connectable to a pumping unit (6);

- at least one voltage sensing element (4.1) configured to measure the voltage of the at least one photovoltaic
generator (1); and

- a control module (3);

wherein

« the at least one photovoltaic generator (1) is further configured to send the direct current electric power signal to
the at least one VFD (5);

« the control module (3) is configured to calculate an optimal frequency signal executing the method according to
any of claims 6-10; wherein the step 2) of the method is performed by receiving a voltage signal, Vp(t), fromthe at
least one voltage sensing element (4.1); and

« the at least one VFD (5) is configured to

o receive the optimal frequency signal from the control module (3);

o transform the direct current electric power signal into an alternating current with variable frequency
according to the optimal frequency signal received; and
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o send the alternating current to the pumping unit (6).
12. The control device (7) according to claim 11, wherein the control module (3) comprises:

- a programmabile logic controller (3.1), PLC; or

-a PLC (3.1) and a disturbance signal generator (3.2); or

-a PLC (3.1) and a programmable digital system (3.3); or

-a PLC (3.1), a disturbance signal generator (3.2) and a programmable digital system (3.3).

13. The control device (7) according to any of claims 11-12, further comprising at least one temperature sensing element
(4.2) configured to measure the temperature of the photovoltaic generator (1);
wherein the control module (3) is further configured to

- receive the temperature of the photovoltaic generator (1) from the at least one temperature sensing element
(4.2); and

- execute step 1) of the method (200) by establishing the first voltage setpoint, Vgp4, taking into account the
temperature of the photovoltaic generator (1); and/or execute step 3) of the method (200) by establishing the
second voltage setpoint, Vgpy, taking into account the temperature of the photovoltaic generator (1).

14. The control device (7) according to the previous claim, the control device (7) further comprising at least one irradiance
sensing element (4.3) configured to measure the level of solar irradiance that affects the photovoltaic generator (1);
wherein the control module (3) is further configured to

- receive the level of solar irradiance that affects the photovoltaic generator (1) from the at least one irradiance
sensing element (4.3); and

- execute step 1) of the method (200) by establishing the first voltage setpoint, Vgp4, further taking into account the
level of solar irradiance that affects the photovoltaic generator (1); and/or

execute step 3) of the method (200) by establishing the second voltage setpoint, Vgp,, further taking into account the
level of solar irradiance that affects the photovoltaic generator (1).

15. A photovoltaic irrigation system (10), PVIS, comprising:
- the control device (7) according to any of claims 11-14; and

-a pumping unit (6) configured to receive an alternating current from the variable frequency drive (5) of the control
device (7) and to pour water at a rate defined by the alternating current.
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